Abstract. The pituitary sex hormones (SexHs): follicle-stimulating hormone (FSH), luteinizing hormone (LH), and prolactin (PRL) regulate several functions crucial for reproduction, including oogenesis, spermatogenesis, and lactation. An important source of prolactin-like hormones, known as lactogens, is the placenta, and lactogens bind to the PRL receptor (PRLR) with high affinity and thereby mimic the actions of PRL. Recently, it has been demonstrated that pituitary SexHs were involved in metastatic lung cancer, certain sarcomas, and leukemia. In the present study we aimed to investigate whether FSH, LH, and PRL were able to stimulate stem cells involved in early development. To address this issue we employed a murine embryonic stem cell line (ES-D3) as well as two teratocarcinoma cell lines, P19 (murine) and NTera2 (human). We determined that all these cells expressed SexH receptors at the mRNA and protein levels and that stimulation of these receptors induced phosphorylation of p42/44 MAPK, p38 MAPK, and AKT. Moreover, ES-D3, P19, and NTera2 cells responded with increased migration and adhesion to physiological concentrations of pituitary SexHs. In view of these findings we proposed that maternal-derived pituitary SexHs regulate the biology of stem cells involved in early development.
Introduction
It is well known that sex hormones (SexHs) regulate the growth and function of the reproductive organs and are responsible for the development of secondary sex characteristics. While peptide-based sex hormones, including follicle-stimulating hormone (FSH), luteinizing hormone (LH), and prolactin (PRL), are secreted by the pituitary gland, steroid SexHs, such as estrogens, androgens, and progesterone, are released from the ovaries or testes. Notably, an important source of SexHs during development is the placenta (1, 2) . In parallel, as previously postulated, maternally-derived SexHs may also affect the developing embryo (3, 4) .
Evidence has accumulated which revealed, that as potent mitogens, SexHs play an important role in the development and progression of cancers arising from tissues that are sensitive to SexH stimulation, such as the gonads, uterus, prostate, and breast (5) (6) (7) (8) . However, it has been recently demonstrated that both pituitary-and gonad-derived SexHs also play a role in the pathogenesis of other malignancies, such as lung cancer (9) , rhabdomyosarcoma (10) and leukemia (11) , and direct migration and adhesion of cells derived from these malignancies.
It has been previously postulated by us and other researchers that the most primitive stem cells residing in adult tissues share several characteristics with primordial germ cells (PGCs), which are precursors of gametes and most likely precursors of stem cells in other tissues (12) (13) (14) . This tempting hypothesis suggests that in postnatal tissues there are stem cells endowed with embryonic/epiblast/germline potential. In fact, in adult tissues stem cells, now known as very small embryonic-like stem cells (VSELs), have been identified to fulfill some of these criteria (15, 16) . These small cells have been found to be involved in physiological tissue and organ rejuvenation, but it is hypothesized that in some situations they also give rise to malignancies (17) .
The notion that a population of stem cells involved in early development resides in adult tissues may corroborate the 150-year-old 'embryonic rest hypothesis' of cancer development. In the middle of the XIX century, two German pathologists, Rudolf Virchow and Julius Cohnheim, proposed this intriguing hypothesis, in which cancer may develop from embryonic cell remnants that remain in the developing organs following embryogenesis (18, 19) . This hypothesis was popular among pathologists in the 19th and 20th centuries but later was largely abandoned. In fact, the morphology of most (20) (21) (22) (23) (24) (25) .
To pursue this idea we investigated whether SexHs play a role in regulating the biology of the murine embryonic ES-D3 cell line as well as the murine P19 teratocarcinoma cell line and the human embryonal carcinoma NTera2 cell line. The results revealed that these cells derived in early development expressed SexH receptors at the mRNA and protein levels, and stimulation of these receptors induced phosphorylation of p42/44 MAPK, p38 MAPK, and AKT. Moreover, ES-D3, P19, and NTera2 cells responded with increased migration and adhesion to physiological concentrations of FSH, LH, and PRL. With these results in mind we proposed that pituitary SexHs regulate the biology of stem cells involved in early development.
Materials and methods
Cell lines. All cell lines were obtained from the American Type Culture Collection (ATCC; Manassas, VA, uSA). The human multipotent embryonal carcinoma cell line NTera2 was cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). The murine teratocarcinoma cell line P19 was cultured in minimum essential medium Eagle-α modification (MEM-α) with ribonucleosides and deoxyribonucleosides, supplemented with 7.5% bovine calf serum (BCS) and 2.5% FBS. The murine embryonic stem cell line ES-D3 was cultured in DMEM supplemented with 15% heat-inactivated FBS and 10 ng/ml leukemia inhibitory factor (LIF). All media contained 100 u/ml penicillin and 10 µg/ml streptomycin. All cells were cultured in a humidified atmosphere of 5% CO 2 at 37̊C. The media was changed every 48 h, and the cells were split upon reaching confluency as previously described (26) .
RT-PCR analysis. Total RNA was isolated using the RNeasy Mini kit, including treatment with DNase I (both from Qiagen Inc., Germantown, MD, USA). The purified mRNA (2,500 ng) was afterwards reverse-transcribed into cDNA using the First Strand cDNA Synthesis kit (Thermo Scientific, Waltham, MA, uSA) according to the manufacturer's instructions and using a mixture of oligo(dT) and random hexamers. Amplification of the synthesized cDNA fragments was carried out using AmpliTaq Gold ® Polymerase (Applied Biosystems, Foster City, CA, USA) and sequence-specific primers (Table I ) with 1 cycle of 8 min at 95̊C; 2 cycles of 2 min at 95̊C, 1 min at 60̊C, and 1 min at 72̊C; 40 cycles of 30 sec at 95̊C, 1 min at 60̊C, 1 min at 72̊C; and 1 cycle of 10 min at 72̊C.
Flow cytometric analysis. Cells were detached using non-enzymatic reagent CellStripper ® (Corning Costar, Lowell, MA, uSA), followed by a 3-h incubation in appropriate medium with 0.5% BSA. Then, the cells were washed with phosphate-buffered saline (PBS), fixed by a 20-min incubation at RT in 3.7% paraformaldehyde, washed again, and incubated for 30 min in 2.5% BSA in PBS. The cells were then stained with primary rabbit polyclonal anti-FSHR antibody (1:50, cat. no. sc-13935) or rabbit polyclonal anti-LHR antibody (1:50, cat. no. sc-25828) (both from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) for 1.5 h at 37̊C. The cells were then washed and incubated with FITC-conjugated secondary anti-rabbit antibody (1:100, cat. no. 12154D; BD Biosciences, San Jose, CA, uSA). Subsequently, the cells were analyzed using an LSR cell cytometer (BD Biosciences). Analysis of the data was performed using FlowJo 7.2.5 software (FlowJo, Ashland, OR, uSA), and the cells incubated with secondary antibody only were used as controls (1:100, cat. no. 12154D; BD Biosciences).
Phosphorylation of intracellular pathway proteins. The P19 and ES-D3 cell lines were incubated overnight and the NTera2 cell line for 9 h in appropriate medium containing 0.5% BSA to render the cells quiescent. The cells were then stimulated with pituitary hormones (all from ProSpec-Tany TechnoGene Ltd., Ness-Ziona, Israel): FSH (10 u/ml), LH (10 u/ml), and PRL (0.5 µg/ml) at 37̊C for 5 min, then lysed for 20 min on ice in RIPA lysis buffer (Santa Cruz Biotechnology Inc.) containing protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO, uSA). The extracted proteins were separated on a 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to a polyvinylidene difluoride (PVDF) membrane. Phosphorylation of the serine/threonine kinase AKT (phospho-AKT473, cat. no. 9271, dilution 1:1,000) and p44/42 mitogen-activated kinase (phospho-p44/42 MAPK, cat. no. 9101, dilution 1:2,000) was detected by rabbit antibodies with HRP-conjugated goat anti-rabbit secondary antibodies (cat. no. 7074S, dilution 1:5,000). Phosphorylation of the p38 mitogen-activated kinase (phospho-p38 MAPK, cat. no. 9216, dilution 1:1,000) was detected by mouse antibody with HRP-conjugated goat anti-mouse secondary antibody (cat. no. 7076, dilution 1:5,000). Equal loading in the lanes was evaluated by stripping the blots and reprobing with anti-AKT (cat. no. 9272, dilution 1:1,000) and anti-p38 MAPK (cat. no. 9212, dilution 1:1,000) rabbit antibodies followed by incubation with HRP-conjugated goat anti-rabbit secondary antibody (cat. no. 7074S, dilution 1:5,000) or with anti-p42/44 MAPK mouse monoclonal antibody followed by incubation with HRP-conjugated goat anti-mouse secondary antibody (cat. no. 7076, dilution 1:5,000). All antibodies were purchased from Cell Signaling (Danvers, MA, uSA). The membranes were developed with enhanced chemiluminescence (ECL) reagent (Amersham Life Sciences, Arlington Heights, IL, uSA) and subsequently exposed to film (Hyperfilm; Amersham Life Sciences, Arlington Heights, IL, uSA).
Chemotaxis. Chemotaxis assays were performed in a modified Boyden's chamber with 8-µm polycarbonate membrane inserts (Costar Transwell; Corning Costar) as previously described (24) . Cell suspensions were quiescent for 0.5-2 h in medium with 0.2% BSA. Prior to experiments the inserts were covered with 1% gelatin in PBS for 1 h at 37̊C. Immediately after gelatin removal, the cells were seeded into the upper chamber of an insert at a density of 8-12x10 4 cells/100 µl. The lower chamber was filled with pre-warmed DMEM (for NTera2 and ES-D3) or MEM-α (for P19) containing test reagents. The medium supplemented with vehicle was used as a negative control. In some experiments, ES-D3 cells were pretreated with inhibitors uO126 (1 µM; Promega, Madison, WI, uSA), MK2206 (1 µM; Selleckchem, Houston, TX, uSA), SB203580 (10 µM; Tocris, Minneapolis, MN, uSA) for 10 min and loaded to the upper chamber. For these experiments, inhibitors were also present in the lower chambers throughout the duration of the experiment. After 36 h, the inserts were removed from the Transwell supports. The cells that had not migrated were scraped off with a cotton swab from the upper membrane, and the cells that had migrated to the lower side of the membrane were fixed and stained with HEMA 3 (following the manufacurer's protocol; Fisher Scientific, Pittsburgh, PA, uSA) and counted on the lower side of the membrane using an inverted microscope.
Adhesion assay to fibronectin. Plates (96-wells) were coated with fibronectin (10 µg/ml) overnight at 4̊C and blocked with 0.5% BSA for 1 h before the experiment. The cells were made quiescent for 2 h with the appropriate medium (DMEM or MEM-α) containing 0.5% BSA, followed by incubation with pituitary hormones for 10 min. Subsequently, cell suspensions (2x10 3 cells/100 µl) were added directly to the fibronectin-coated wells and incubated for 5 min at 37̊C. Following incubation, non-adherent cells were removed, and fresh medium with BSA was added. The cells were incubated for an additional 10 min, washed twice, and the number of adherent cells counted using an inverted microscope was performed as previously described (27) .
Cell proliferation. Cells were seeded at an initial density of 1x10 4 Statistical analysis. Statistical analysis was performed using the t-test (for data having a normal distribution) or the Mann-Whitney test (for data not having a normal distribution), with P≤0.05 considered significant.
Results

Murine and human cell lines involved in early development
express functional sex hormone (SexH) receptors. First, we employed RT-PCR to assess the expression of peptide-and steroid-based SexH receptors, and we determined that the analyzed cell lines expressed a majority of these receptors, including peptide-based SexH receptors (Fig. 1A) . We additionally confirmed the presence of FSH and LH receptors on Table Ι . List of primers used in this study. the surface of the analyzed cell lines by FACS (Fig. 1B) and found that their expression was detectable on the surface of ES-D3, P19, and NTera2 cells. To address whether FSH, LH, and PRL receptors were functional, we employed signal transduction experiments to examine whether stimulation with peptide-based SexHs activated signaling pathways involved in cell migration and adhesion. As shown in Fig. 2 , all of the SexHs studied induced p42/44 MAPK, p38 MAPK and AKT phosphorylation; however, the pattern of activation depended on the cell type. While ES-D3 responded robustly to stimulation by FSH, LH, and PRL by p42/44 MAPK and AKT stimulation, P19 and NTera2 cells exhibited a strong response to FSH and a weaker response to LH. Robust activation of p38 MAPK was observed in all cell lines in response to FSH, and in a less extent to LH and prolactin. The response of AKT to stimulation by pituitary SexHs was observed in ES-D3 and NTera2 cells after stimulation by FSH and LH and in P19 cells after exposure to FSH.
Murine primers
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- Forward Reverse FSHR TCAACGGAACCCAGCTAGATG GTCTAAAACGACTGGCCCAGAG LHR ATCTGTAACACAGGCATCCGG CGTTCCCTGGTATGGTGGTTAT PRLR TGCTTGCTGGGAAGTACGG GGTGACGGAGATAGTTGGGG ERα GCCAAGGAGACTCGCTACTGTG TGTCAATGGTGCATTGGTTTGT ERβ TACCCCTTGGCTACCGCAA GCATCAGGAGGTTGGCCAG ProgR TCGACAGCTTGCATGATCTTG CCAGTGTCCGGGATTGGAT AR GACTGCATGTACGCGTCGC GGCGTAACCTCCCTTGAAAGAG BMG CATACGCCTGCAGAGTTAAGC GATCACATGTCTCGATCCCAGTAG Human primers ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- Forward
Peptide-based SexH receptors modulate the chemotactic responsiveness and adhesion of murine and human cell lines
in the early developmental stage. To address whether SexHs modulated migration of the investigated murine and human cell lines, we employed the Transwell system, in which two chambers were separated with a porous membrane. The lower chamber was prefilled with warm medium supplemented with the studied SexHs, and the cells were seeded into the upper chamber. After 24 h the inserts were removed, and the cells that had migrated from the upper to the lower side of the membrane were stained and counted under a microscope. As shown in Fig. 3 , all studied SexHs stimulated migration of ES-D3, P19, and NTera2 cells. Notably, all cell lines responded not only to supraphysiological concentrations of FSH and LH but also to lower concentrations detected in human plasma. By contrast, while ES-D3 cells responded to a steep gradient of PRL only (Fig. 3A) , P19 and NTera2 cells were chemoattracted to a lower physiological dose of this hormone (Fig. 3B and C) .
To address whether FSH-, LH-, and PRL-stimulated migration dependend on the activation of AKT, p42/44, and p38 MAPK signaling pathways, we assessed the migration of ES-D3 upon stimulation with LH, FSH and prolactin in the presence of the appropriate inhibitors. We determined that, while the response of ES-D3 cells to FSH stimulation was decreased only in the presence of AKT (MK2206) and p38 MAPK (SB203580) (Fig. 4A) , their response to LH and prolactin was inhibited by MEK, AKT, and p38 MAPK inhibitors, uO126, MK2206, and SB203580, respectively ( Fig. 4B and C) .
We also analyzed whether pituitary SexHs increased adhesion of the cell lines investigated in our study and determined that stimulation of ES-D3, P19, and NTera2 cells with FSH, LH, and PRL induced adhesion of these cells to fibronectin (Fig. 5) .
The effect of pituitary SexHs on the proliferation of murine and human cell lines early-developmental-stage. FSH, LH, and PRL are known to be potent mitogens for some types of cells. As shown in Figs. 6 and 7, we added SexHs at the indicated doses on day 0 and analyzed the number of cells 24, 48 and 72 h later. We observed that FSH slightly stimulated proliferation of ES-D3 (Fig. 6A) and NTera2 (Fig. 7) cells if added to medium containing 0.5% BSA. By contrast, no effect of LH or PRL was observed.
Discussion
The salient observation of this study is that established cell lines derived in early development, including the murine embryonic ES-D3, the murine teratocarcinoma P19, and the human embryonal carcinoma NTera2 cell lines, express functional SexH receptors. Thus, our results indicated that pituitary SexHs may affect the biology of murine and human stem cells during the earliest stages of embryogenesis. Moreover, placenta-derived PRL-like hormones (known as lactogens), which bind with high affinity to the PRL-receptor and thereby mimic the actions of PRL, may also be involved in this process (28) .
Recently, it was demonstrated that pituitary SexHs were involved in metastatic lung cancer (9), certain sarcomas (10), and leukemia (11) . In the present study we investigated whether FSH, LH, and PRL stimulated cells in the early developmental stage.
It is well known that pituitary SexHs affect development and regulate biological processes in gonadal, prostate, and breast tissue (5) (6) (7) (8) . We recently demonstrated that pituitary SexHs were also involved in regulating normal hematopoiesis (20, 21) , which supports their having direct pleiotropic effects on extra-gonadal tissues in the adult organism.
On the other hand, evidence has accumulated that pituitary SexHs are involved in gonadal, breast, and prostate malignancies (5-8). Recent evidence revealed as aforementioned that these hormones were also involved in the pathogenesis of lung cancer, pediatric sarcomas, and leukemia. In our current study we demonstrated for the first time that certain malignancies derived from cells involved in early development, such as murine P19 teratocarcinoma cells and human embryonal carcinoma NTera2 cells, were highly sensitive to pituitary SexH stimulation, even when employed at physiological concentrations in peripheral blood (29) . Notably, the concentration of some SexHs, such as FSH, increase with advancing age as a result of age-dependent gonadal dysfunction (30, 31) .
Our results are important for another reason. It has been proposed in the past that some cells from early embryonic development may continue to reside in adult tissues (18, 19, (32) (33) (34) . This hypothesis was the basis for a theory proposed in the XIX century by Recamier (1829) (32), Remak (1854) (33), Virchow (1858) (18) and later elaborated by Durante (1874) (34) and Cohnheim (1875) (19) that some malignancies are derived from such embryonic remnants. This theory was known as the embryonic rest hypothesis for cancer development and was popular in older pathology textbooks (18, 19, (32) (33) (34) .
The presence of certain populations of primitive stem cells in adult tissues that are endowed with the ability to differentiate into all three germ layers has been proposed by several researchers. Examples of such cells described in the literature include i) multipotent adult progenitor cells (MAPCs) (35) ; ii) marrow-isolated adult multilineage-inducible (MIAMI) cells ( (41) . An interesting population of stem cells endowed with pan-germ-layer differentiation potential has been identified by our team and confirmed subsequently by several independent researchers as very small embryonic-like stem cells (VSELs) (15, (20) (21) (22) (23) (24) (25) (42) (43) (44) (45) . The similarity of all the stem cells listed above with respect to the expression of certain genes involved in early development suggests that they are related to each other, that they represent similar and overlapping populations of primitive SCs that reside in adult tissues, and that they are endowed with broader pan-germ-layer differentiation potential (46) . These stem cell types were identified by employing different direct or indirect isolation protocols and identification techniques, and based on this they were given different names. We propose that, due to their primitive embryonic morphology and gene expression for embryonic and primordial germline markers, VSELs are at the top of the hierarchy of these cells, which is consistent with an old concept that germline stem cells are not only developmental in origin but also remain as a 'skeleton' of the stem cell compartment in adult tissues (46) . We demonstrated in the past that VSELs express several receptors for SexHs, and our results reported in this study support the finding that the most primitive stem cells originating during development are responsive to SexHs (20) (21) (22) (23) (24) (25) . Since the pituitary gland develops later in embryogenesis, several of these hormones are derived from maternal blood, and in fact the potential effects of pituitary and placental SexHs on the developing embryo are not very well addressed in literature.
Cell migration and adhesion are regulated by different factors, such as chemokines, growth factors, cytokines, bioactive lipids, and extracellular nucleotides (27, (47) (48) (49) . However our recent and already published results indicate that pituitary SexHs also play an important role, which has been observed in both normal and malignant cells (9) (10) (11) (20) (21) (22) (23) . While pituitary SexHs were found to increase the proliferation of several tumors, we observed only a very weak effect of FSH on proliferation of ES-D3 and NTera-2 cells. The role of pituitary SexHs, in particular, in the pathogenesis of cancer requires further study, since, as aforementioned, the concentration of FSH in peripheral blood increases with age due to gonadal dysfunction (30, 31) .
In conclusion, we found that pituitary SexHs stimulated migration and adhesion of established immortalized cell lines derived from the inner cell mass of the blastocyst (ES-D3) as well as from early germline tumors (P19, NTera2). Therefore, pituitary SexHs derived from maternal blood may affect the early stages of embryonic development. Moreover, lactogens, which can bind with high affinity to the PRL-receptor and thereby mimic the actions PRL, may also be involved in this process (28) . This possibility, however, requires further study.
Our observations also shed new light on the potential role of these hormones in early embryonic development and cancerogenesis, particularly in light of the embryonic rest hypothesis proposed by Virchow and Connheim (18, 19) . However, we are aware that this concept also warrants more experimental investigation.
